Effects of various roasting conditions on antioxidant properties of five Theobroma cacao L. varieties were investigated. The cocoa beans were roasted at four different temperatures (110-150°C) and three different air humidities (0.3-5.0%). The raw cocoa beans were characterized by high antioxidant activities. The antioxidant properties of the roasted cocoa beans varied markedly among the analyzed cultivars and geographical regions and were affected by roasting conditions. Generally, cocoa beans of the cv. Forastero from Brazil exhibited higher total phenolic content, free radical scavenging activity, and metal chelating ability than samples of the other analyzed cocoa varieties. Roasting at 110°C caused negligible changes in total phenolics content and antioxidant activity of cocoa beans, while almost all samples tended to have lower antioxidant potential when roasting temperature increased. The air humidity used in roasting did not affect the total phenolics content and antioxidant activity for lowest roasting temperature (110°C). Moreover, the obtained results revealed that thermal processing at the higher temperatures and elevated air humidity resulted in the higher antioxidant capacities. It was also found that the ferrous ion chelating activity of cocoa beans increased with the roasting temperature (in the range from 110 to 150°C), with the exception of cv. Trinitario from Papua New Guinea. The data showed that roasting at lower temperatures with humid air are more favorable in terms of preserving the bioactivity of roasted cocoa beans.
INTRODUCTION
Cocoa beans (Theobroma cacao L.) are used for manufacturing of products, which are highly popular and widely consumed around the world, such as cocoa powder, chocolate, and other cocoa-derived products. [1, 2] It is known that cocoa seeds are a rich source of bioactive substances that have the beneficial impact on human health. [3, 4] Because of the characteristic composition of phytochemicals and their high concentrations, raw cocoa beans are characterized by very strong antioxidant activity. The most important antioxidants of cocoa beans are polyphenols. They concentration is around 12-18% on a raw cocoa beans dry weigh. [1, 5] The phenolic compounds play an important role in shaping of the sensory properties of cocoa beans and products derived by their processing, due to interactions with polysaccharides, proteins, other polyphenols, and Maillard reaction products. The flavonoids constitute the largest and the most diverse group of phenolic compounds found in cocoa beans. The high antioxidant properties of raw cocoa beans and flavonol-rich cocoa products are generally connected with high content of flavon-3-ols, mainly (-)-epicatechin and (+)-catechin, as well as oligomeric and polimeric procyanidins. [5] [6] [7] Other phenolic compounds, that can be also found in cocoa beans are mainly anthocyanins (cyanidin-3-O-arabinoside and cyanidin-3-Ogalactoside), as well as flavonols (quercetin aglycone and its glycosides), flavones, phenols (clovamide and deoxyclovamide), phenolic acids, and hydroxylated stilbene derivatives (trans-resveratrol and trans-piceid). [5, 6] It is known that many flavonoids, particularly procyanidins, exhibit high antioxidant activity, due to scavenging free radicals, chelating metal ions, binding proteins, and inhibiting enzymes that generate superoxide radicals. [6, [8] [9] [10] [11] Antioxidant properties of these compounds depends strongly on the degree of the polymerization and nature of hydroxyl groups substitution. [11] [12] [13] High concentrations of antioxidant compounds in cocoa beans are responsible for their important role in prevention of civilization diseases. Several epidemiological studies have associated flavanol-rich cocoa intake with a wide range of biological effects, such as anti-inflammatory, anti-atherosclerotic, and antiplatelet aggregation activities, improved insulin sensitivity, as well as blood pressure and immune function modulation. [2, 14] The diversity of Theobroma cacao L. varieties and regions of cultivation, climatic conditions, postharvest manipulations, and storage conditions may affect the antioxidant properties of cocoa beans. [15, 16] Jonfia-Essien et al. [17] reported a wide range of antioxidant capacities in cocoa beans from different varieties and genotypes. They found that the hybrid species, especially the Amazon/ Trinitario (HV1) and the Amazon/Amazon (HV2 and HV3) had higher antioxidant activity in comparison to the traditional variety (TV) grown in the same region and climatic conditions. [17] Furthermore, Othman et al. [18] showed that polyphenol content and antioxidant activity of cocoa beans are highly dependent on the geographical region of cultivation.
Roasting is the principal technological operation affecting the quality of both roasted cocoa beans and their derived products. The thermal processing of cocoa beans plays an important role in formation of the mild aroma and characteristic taste of cocoa beans. It also causes changes in their texture and increases the intensity of brown color. [19] In general, cocoa beans are roasted at temperatures varying from 100 to 150°C. Many previous studies revealed that the temperature and duration of thermal processing strongly affected the character of physical and chemical changes occurring in cocoa beans during roasting. However, only a few authors studied changes in the antioxidant activity of cocoa beans caused by their roasting. [9, [19] [20] [21] It is thought that some thermal processes used in the technology of chocolate production, including the roasting of cocoa beans, may contribute to the substantial decrease in the antioxidant activity of cocoa products, mainly due to degradation of phenolic compounds, especially flavonoids. [6, 16, 20] The main factors responsible for the degradation of these compounds are the length of time and high temperatures of roasting. Additionally, flavonoids interact with proteins, amino acids, polysaccharides, and Maillard reaction products, giving insoluble complexes. [7, 16] Although natural antioxidant compounds are lost during heating, the overall antioxidant properties of roasted cocoa beans can be maintained or enhanced by the formation of new antioxidants, such as the Maillard reaction products. [19] However, none of the authors determined the dependence of the antioxidant properties of cocoa beans as a function of the cocoa cultivar and roasting conditions, including temperature and relative air humidity (RH). In addition, data on metal chelating properties of raw and roasted cocoa beans of different Theobroma cacao L. cultivars are scarce. Therefore, investigations of the effect of IMPACT OF CULTIVAR AND ROASTING ON ANTIOXIDANT ACTIVITY OF COCOA BEANS thermal processing conditions on changes in the bioactivity of cocoa beans of different cultivars during roasting are necessary. The aim of this study was to investigate the effect of roasting conditions, such as temperature and RH, on the total phenolic content, free radical scavenging activity, and metal chelating ability of cocoa beans of the different Theobroma cacao L. cultivars originating from various geographical regions.
MATERIALS AND METHODS

Chemicals and Reagents
Gallic acid, 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid; ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and ferrozine were purchased from Sigma-Aldrich (Poznan, Poland). Folin-Ciocalteu's reagent and ferrous chloride were obtained from Chempur (Piekary Slaskie, Poland). Ultrapure water was obtained from a Milli-Q water purification system (Millipore Corp., Bedford, MA, USA). All the chemicals used in this study were of analytical grade and reagents were prepared according to standard analytical procedures.
Cocoa Samples
Seven samples of fermented and dried cocoa beans of different Theobroma cacao L. cultivars originating from Brazil (Forastero), Ecuador (Nacional), Papua New Guinea (Trinitario), Venezuela (Trinitario), Ghana (Upper Amazon Forastero hybrid, UAF), Indonesia (Trinitario×Upper Amazon Forastero hybrid, T×UAF), and Cameroon (Trinitario×Upper Amazon Forastero hybrid, T×UAF) were analyzed. All cocoa beans were harvested in 2011 and bought from commercial sources.
Roasting of Cocoa Beans
Broken and damaged seeds, as well as foreign materials were removed prior to roasting. Cocoa beans were convectively roasted in triplicate batches (about 200 g) in a tunnel with the forced air flow without circulation (adapted to processing with either dry or humid air) at four different air temperatures: 110, 120, 135, and 150°C, and three levels of RH of air: 0.3, 2.0, and 5.0%. The humidity of roasting air was increased using saturated steam (pressure of 0.2 MPa) that was produced using steam generator. Measurements of the temperature and RH of roasting air were conducted with precision of ±1°C and ±0.5%, respectively, using a Rotronic HygroPalm HP22 measuring device (Rotronic AG, Bassersdorf, Switzerland). In performed experiments air velocity along the material layer was 1 m s -1 , measured with an accuracy of ±0.05 m s -1 . The roasting process was terminated when whole seeds reached the moisture content of approximately 2%. The roasting times were determined experimentally for each batch of cocoa beans based on their initial water content and size. Roasting was conducted for 25, 40, 75, and 85 min at temperatures 150, 135, 120, and 110°C, respectively. Application of air with the higher RH prolonged the time of roasting process. After roasting, cocoa beans were immediately cooled to room temperature and stored in plastic containers (500 g) at −20°C prior to analysis.
Extraction
Samples were extracted in triplicate according to the method described by Summa et al. [21] with some modifications. To extract phenolics, the deshelled and ground cocoa seeds were first defatted with petroleum ether. Then, 10 g of defatted cocoa sample was extracted three times with 100 mL of water at 70°C in an orbital shaker for 30 min. After centrifugation of the resulting extracts at 4000 × g for 15 min at 4°C, the supernatants were collected and pooled. The combined supernatants were filtered through a 0.45 μm nylon filter membranes and freeze-dried (−50°C, 0.9 MPa) using a DELTA 1-24LSC Christ freeze drier (Osterode am Harz, Germany). All lyophilized samples were than stored in plastic bags in a desiccators at 4°C for the later experiments.
Determination of Total Phenolic Content
Total phenolic content was determined using the Folin-Ciocalteu method and gallic acid as a standard, according to Belscak et al., [22] with some modifications. Briefly, 0.5 mL of the suitably diluted cocoa sample with high-purity deionized water (1.5 mg mL -1 ) or blank was mixed with 0.5 mL of high-purity deionized water and 500 μL of the Folin-Ciocalteu reagent. After 3 min, 1 mL of 20% (w/v) Na 2 CO 3 solution was added to the mixture. The final volume was adjusted to 10 mL with high-purity deionized water. The solution was then mixed vigorously and allowed to stand at room temperature in the dark for 60 min. The absorbance of reaction mixture was measured at 765 nm using a UV-1800 spectrophotometer (Shimadzu, Japan). For each sample, experiments were conducted in triplicate. The results were expressed as mg gallic acid equivalents (GAE) per gram of lyophilized cocoa dry weight (mg GAE g −1 DW).
Determination of Free Radical Scavenging Capacity
Antioxidant capacity of the lyophilized cocoa extracts was determined by ABTS assay according to the method described by Belscak et al., [22] with some modifications. Briefly (ABTS + ) radical was produced by reacting 7 mM ABTS and 2.45 mM potassium persulfate and then allowing the mixture to stand in the dark at room temperature for 12-16 h before use. The lyophilized cocoa extracts solutions were prepared at concentration 100 µg mL -1 in high-purity deionized water. The sample solutions (10 µL) were added to 4 mL of ABTS+ solution and the resulting mixtures were shaken and left for 20 min at room temperature in the dark. The absorbance of the remaining ABTS+ was measured at 734 nm using a UV-1800 spectrophotometer (Shimadzu, Japan) against the appropriate reagent blank of 10 µL of high-purity deionized water instead of the sample. The measurements were carried out in triplicate and the results were expressed as micromole of Trolox equivalents per gram of lyophilized cocoa DW (µmole TE g -1 DW). The DPPH radical scavenging activity of cocoa samples was determined according to the method of Schinella et al., [2] with some modifications. Briefly, the lyophilized cocoa extracts solutions were prepared at concentration 20 µg mL -1 in high-purity deionized water). The sample solution (20 µL) was diluted with ethanol to a volume of 1 mL. Then, 2 mL of a 0.12 mM DPPH solution in ethanol was added. The resultant solution was shaken vigorously and allowed to stand for 30 min at room temperature in the dark. The absorbance of the mixture was measured at 517 nm using a UV-1800 spectrophotometer (Shimadzu, Japan). The blank was prepared in the same manner except that high-purity deionized water was used instead of the sample solution. The same reaction mixture without DPPH solution served as the control. The percentage of DPPH radicalscavenging activity was calculated from the equation:
where A sample is the absorbance of the sample, A control is the absorbance of the control and A blank is the absorbance of the blank. All analyses were repeated three times, and the results were expressed as micromole of Trolox equivalents per gram of lyophilized cocoa DW (µmole TE g -1 DW).
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Determination of Metal Chelating Activity
The chelating activity of cocoa samples for ferrous ions Fe 2+ was measured according to the method previously described by Abbès et al., [23] with slight modification. Briefly, 1 mL of the suitably diluted lyophilized cocoa extracts in high-purity deionized water (100 µg mL -1 ) were added to 1.85 mL of high-purity deionized water and 50 μL of 2.0 mM FeCl 2 . After mixing, the solution was allowed to stand at room temperature for 30 s, followed by the addition of 100 μL 5 mM ferrozine. The reaction mixture was then vortexed and left to stand at room temperature for 15 min. The absorbance of the solution was measured spectrophotometrically at 562 nm with UV-1800 UV-VIS Spectrophotometer (Shimadzu, Japan). A low absorbance of the resulting solution indicated a strong ferrous ion chelating ability. A reaction mixture containing 1 mL high-purity deionized water instead of sample solution served as the blank Samples were analyzed in triplicate and results are expressed as chelating activity (%). The percentage of chelating activity was calculated from the equation:
where A sample is the absorbance of the sample and A blank is the absorbance of the blank.
Statistical Analysis
All analyses were carried out in triplicate. Results are presented as mean ± standard deviation (SD). Experimental data were evaluated using analysis of variance (one-way and two-way ANOVA) and significant differences among the means of three replicates (p < 0.05) were determined by post-hoc multiple mean comparison Tukey's honestly significant difference (HSD) test using STATISTICA 11 software (StatSoft, Inc., Tulsa, USA). The correlation coefficients between investigated parameters were assessed by means of the Pearson Correlation test using Microsoft Office Excel 2013 (Microsoft Corporation, Redmond, WA, USA).
RESULTS AND DISCUSSION
Effect of Cultivar and Geographical Region, As Well As Roasting Conditions on Total Phenolic Content
In this study, the total phenolic content in cocoa beans of the five Theobroma cacao L. cultivars was evaluated using Folin-Ciocalteu reagent. The levels of phenolic compounds in samples of raw and roasted cocoa beans of the tested cocoa cultivars are presented in Table 1 . The total phenolic content obtained in this study was similar to those reported by other authors for lyophilized extracts of raw, pre-roasted, and roasted cocoa beans, as well as polyphenol-rich cocoa powder samples. [17, 20, 24] The results indicated that the total phenolic content of raw beans varied significantly among the different cocoa varieties and geographical regions. In general, cv. Forastero from Brazil contained the highest amount of phenolic compounds (173.58 mg GAE g −1 DW), followed by cv. Trinitario from Venezuela (167.23 mg GAE g −1 DW), cv. Nacional from Ecuador (140.53 mg GAE g −1 DW), T×UAF hybrid clone from Indonesia and Cameroon (129.37 and 126.71 mg GAE g −1 DW, respectively), and UAF hybrid clone from Ghana (105.18 GAE g −1 DW). The lowest levels of phenolics (76.14 mg GAE g −1 DW) was found in the cv. Trinitario from Papua New Guinea, showing more than two-fold lower content of phenolics in comparison to the same variety cultivated in Venezuela. These distinct differences may be attributed to the diversity of varieties and genotypes. This is in agreement with the findings of other authors. For example, Tomas-Barberan et al. [1] reported that the total phenolic content in the raw cocoa seeds of the Amazon hybrid variety (Clone CCN51) from Ecuador was higher than in the samples of 
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the Trinitario cultivars from Venezuela (1.3-fold) and Criollo variety from Dominican Republic (2.1-fold). Moreover, other studies have shown that the environmental factors, agricultural practices, and storage conditions may also influence the variability in phenolic compounds concentration of cocoa beans. [1, 7, 16] Significant differences (p < 0.05) were observed in the total phenolic content amongst the studied cocoa beans of different cultivars subjected to roasting at various conditions. The obtained results indicated that the total phenolic content in roasted cocoa beans remained unchanged or only slightly decreased after roasting at a temperature of 110°C as compared to raw cocoa beans. There was no effect of air humidity on phenolic content when roasting temperature was 110°C. It can be observed that the thermal treatment conducted at higher temperatures (120 and 150°C) caused a gradual decrease in the total phenolic level in almost all analyzed cocoa cultivars (except cv. Forastero from Brazil). We found that at high temperatures (120-150°C) these losses depended on the roasting air humidity and were slightly less advanced when the air humidity was increased from 0.3 to 5.0%. The reduction of phenolic compounds has been previously observed in the roasted cocoa beans and was found to be negatively related to the temperature and duration of roasting process. [9] This phenomenon is generally attributed to the oxidation and thermal degradation of the naturally occurring phenolic compounds, such as monomeric flavan-3-ols and procyanidins, to corresponding semiquinones and quinones, and formation of the polymer structures, that take place at elevated temperatures. [5, 9] Conversely, a significant rise in phenolic compounds (2.4-4.8% of the initial content) was observed in the case of cv. Forastero from Brazil after roasting at 120 and 135°C. The increase in the phenolic content observed in this study could be explained by the cellular structure degradation during heat treatment and in consequence release of the bound phenolic compounds. [25, 26] In fermented and dried cocoa beans, phenolic compounds may be bound to proteins and/or cell wall polysaccharides, which hinder their release and extractability from the cocoa matrix. [7, 15] Moreover, increase in the phenolic content after roasting could be also explained by the polymerization or condensation of the monomeric flavan-3-ols and anthocyanins with other phenols, and formation of the high molecular weight proanthocyanidins. [9] The Foline-Ciocalteau assay is based on the oxidation/reduction reaction, and the phenolics content measured by this method may be disturbed by the presence of other reducing non-phenolic compounds, such as carbohydrates, pigments, and Maillard reaction products. Thus, also formation of reductones and melanoidins in Maillard reaction between amino acids and reducing sugars could contribute to the increase in the total phenolic content upon heat treatment. [9, [27] [28] [29] Roasting of the cocoa beans at 150°C led to a considerable decrease in the total phenolics content in all studied cocoa varieties. Regarding the effect of the RH on phenolic content, our data suggest that the application of humid air for roasting of cocoa beans effectively reduced the losses of phenolic compounds. This phenomenon can be explained by the formation of the protective layer of water (present in humid air) on the surface of samples that reduced the access of oxygen into the seeds. This assumption agrees with observations of Zzaman et al., [21] who noticed that roasting with superheated steam caused the lower loss of total phenolics than conventional roasting of cocoa beans, due to the absence of oxygen in superheated steam. Similarly, Tamrin et al. [30] found that during vacuum roasting of cocoa powder (45.6 and 60.8 cmHg) at temperatures ranging from 100 to 120°C the limited content of oxygen in the roasting space slowed down the oxidative degradation of catechins.
In our study, the greatest decrease in total phenolics content was observed when cocoa beans were roasted at 150°C and the lowest RH (RH = 0.3%). This finding is in accordance with the fact that phenolic compounds are easily degraded and/or become bound to polymer structures at high temperatures in the presence of oxygen. Roasting under mentioned above conditions resulted in total phenolics losses ranging from 2.4 to 15.2%. Similar results were obtained by Jolic et al., [31] who showed that roasting of cocoa beans at a temperatures of 140-150°C for 20 min reduced
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ORACZ AND NEBESNY phenolic content by 14%. Zzaman et al. [21] reported that superheated steam roasting at temperatures of 150-250°C for 10-50 min resulted in 2.9-24.6% losses of the total phenolic content in cocoa beans of the Forastero variety cultivated in Malaysia. However, Arlorio et al. [9] showed greater decrease (33-55%) in the level of phenolic compounds after pre-roasting treatment at 100°C and roasting at 130°C of cocoa beans of the Forastero variety originating from different areas (Ecuador, Ivory Coast, and Ghana). The discrepancies between the results presented by various authors may be ascribed to different roasting methods usage or diverse type and variety of cocoa beans. This study showed that the level of changes in the total phenolic content during roasting was influenced by the variety and the origin of applied cocoa beans. We observed the largest losses of phenolic compounds in case in case of cv. Trinitario from Papua New Guinea and T×UAF hybrid clone from Cameroon, while the lowest changes were found for the samples of cv. Forastero from Brazil. These results were expected due to the intrinsic and acquired characteristics of different cocoa cultivars.
Effect of Cultivar and Geographical Region As Well As Roasting Conditions on Antioxidant Potential
The effect of roasting conditions on the antioxidant capacity of different Theobroma cacao L. cultivars and geographical region was also determined. The free radical scavenging ability of raw and roasted cocoa beans was evaluated in the ABTS and DPPH assays. The results of both methods showed that the analyzed cocoa varieties have high free radical scavenging activities. The ABTS and DPPH values for the raw cocoa bean samples varied from 482.00 to 1406.72 µmole TE g −1 DW, and from 323.80 to 1370.07 µmole TE g −1 DW, respectively (Tables 2 and 3) . The values of antioxidant potential obtained in ABTS and DPPH assays were equal or higher than the results described in literature. [20, 24, 26, 32, 33] Among the five cocoa cultivars analyzed in this study, the cv. Forastero from Brazil exhibited the highest ABTS and DPPH radical scavenging capacities, while cv. Trinitario from Papua New Guinea displayed the poorest antioxidant potential in both assays. There were no significant (p > 0.05) differences in the ABTS radical scavenging capacity between samples of T×UAF hybrid clones grown in different geographical regions. Variations in the antioxidant capacity of the five investigated cocoa cultivars can be related to differences in the levels of polyphenols and other antioxidants. However, the variability in concentrations of these compounds were not only related to the genetic diversity, but can be explained by the different growing conditions of the cocoa fruit, time of harvest, bean maturity, and post-harvest treatment conditions (fermentation and drying). [5, 15, 26] It is well-know that the levels of phenolic compounds decreased during fermentation and drying of cocoa beans. In addition, some authors have reported that total phenolics content and antioxidant activity were higher in the unfermented cocoa beans than in the fermented samples. This reduction is mainly related to the non-enzymatic or enzymatic oxidation of catechins to o-quinones, and the condensation of oxidized compounds with other polyphenols to highly polymerized substances such as proanthocyanidins (condensed tannins). [5, 15, 26] Moreover, during fermentation and drying proanthocyanidins may form insoluble complexes with proteins, amino acids, cell wall polysaccharides, and other phenolics. These phenolic reactions, both enzymatic and non-enzymatic, initiate the characteristic chocolate flavor precursors formation, brown color development, and a significant reduction in astringency and bitterness of raw cocoa beans. [15, 26] Fermentation and drying techniques depends primarily on the cocoa bean cultivar and regional practices in the country of origin. For example, due to the milder and less bitter taste the "fine or flavor" cocoa beans of the Criollo, Trinitario, and Nacional groups are often less fermented than "bulk" Forastero beans. An exception are well fermented cocoa beans of the Trinitario type grown in Papua New Guinea. [5, 34] The results of this study are consistent with previous reports, and indicated that the free radical scavenging activity was significantly influenced by the cocoa variety. [5, 7, 9, 17] Our results also showed that for the tested cocoa cultivars, the scavenging activity for ABTS radical was higher than for DPPH. These differences could be attributed either to the stereoselectivity of interactions with the radicals or different solubility of the cocoa extracts in the applied reaction media, it means; aqueous solutions and organic solvents for ABTS and DPPH methods, respectively. [2] Antioxidant activity of phenolic compounds largely depends on the molecular weight, structure, and concentration of these compounds. The configuration and total number of hydroxyl groups in the flavonoid molecules influence their radical scavenging efficiency. [35] [36] [37] The presence of the ortho-dihydroxy (catechol) structure in the ring B, 2,3-double bond in conjugation with a 4-oxo function in the ring C, and hydroxyl groups at positions 3 and 5 enhances radical scavenging activity. [35] Furthermore, the antioxidant activity of procyanidins also depends on their degree of polymerization. [36] Thus the nature (hydrophilic or lipophilic) of distinct compounds present in the cocoa samples may affect the results of antioxidant activity assays, as was previously reported. [2, 20] Our data showed that the cocoa cultivar and thermal processing conditions significantly affect the ABTS radicals scavenging activity of roasted cocoa beans. The ABTS scavenging activities of the roasted samples varied from 405.10 to 1448.44 µmole TE g −1 DW. We observed a slight increase of ABTS scavenging activity in cocoa beans of cv. Nacional from Ecuador, cv. Forastero from Brazil, and cv. Trinitario from Venezuela during roasting at 110°C. However, in the case of the cv. Forastero from Brazil, greater increase in the antioxidant capacity was observed when the RH was elevated to 2.0 and 5.0%. On the other hand, the ABTS scavenging activity of the cocoa seeds of UAF hybrid variety from Ghana decreased significantly during processing at 110°C. Meanwhile, no significant (p > 0.05) changes in scavenging activity was observed for the other investigated cocoa cultivar after thermal treatment at the same temperature. However, compared to unroasted samples, higher roasting temperatures (120-150°C) caused a clear decrease in the ABTS antioxidant capacity of all analyzed cocoa cultivars. The results are in accordance with those reported earlier. [20] The lowest ABTS antioxidant capacity was found in cocoa beans roasted at 150°C and the RH of 0.3%. Moreover, after roasting under these conditions, the losses of the radical scavenging activity varied greatly between the studied cocoa cultivars and ranged from 5.9 to 20.1%. The greatest decline in the radical scavenging activity was observed for the UAF hybrid clone from Ghana, while the lowest losses were found in the samples of the cv. Forastero from Brazil and cv. Trinitario from Venezuela. The discrepancies in the results might be explained by various initial contents of antioxidant compounds in beans of different cocoa cultivars. Correlation analysis (Table 4) showed a highly significant positive correlation between total phenolic content and the ABTS antioxidant capacity (R 2 = 0.989; p < 0.001). These findings are in agreement with 
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ORACZ AND NEBESNY the results of other authors who showed relationship between the phenolics content and antioxidant activity of cocoa samples. [20, 18, 32] We assumed that the increase in the free radical scavenging activity during heat treatment was primarily due to the release of bound phenolic compounds from the cell matrix and/or the formation of new antioxidants, such as Maillard reaction products. [26] Furthermore, it is know that phenolic compounds in an intermediate state of oxidation can exhibit higher radical scavenging potential than the non-oxidized polyphenols. [25] However, the decrease of antioxidant activity observed in roasted cocoa beans may be attributed to the oxidative degradation of phenolic compounds during heating. [26] Oliviero et al. [19] showed that roasting of cocoa bean model systems at 180°C for 10, 30, and 50 min resulted in a considerable decreases in their antioxidant capacity for ABTS. Summa et al. [24] noticed that pre-roasted (at 80-90°C for 10 min) and roasted (130-160°C for 15-20 min) cocoa beans had a lower scavenging activity against the water soluble stable free radical Fremy's salt determined by electron paramagnetic resonance (EPR) method than the raw samples. In our study, after thermal treatment, the ABTS radical scavenging activity progressively decreased with a rise in roasting temperature from 120 to 150°C. Moreover, when the RH was increased to 2.0 or 5.0% the activity for ABTS was slightly higher in comparison to that achieved at "dry" air (RH = 0.3%), but in almost all samples these differences were insignificant (p < 0.05). These slight differences could be caused by reduced oxygen access into the cocoa kernel. Also the study of Zzaman et al. [21] on the effects of superheated steam roasting on the antioxidant capacity confirmed this observation.
The DPPH antioxidant capacity varied from 191.29 to 1395.97 µmole TE g −1 DW for the roasted cocoa beans and depended on the cocoa variety and processing conditions. We found a slight increase in the DPPH radical scavenging activity in the cocoa beans of cv. Nacional from Ecuador caused by roasting at 110 and 120°C, while their processing at higher temperatures (135 and 150°C) reduced this activity, compared to the raw beans. Also, it was noticed that in the case of the cv. Forastero from Brazil, roasting at temperatures in the range of 110 to 135°C caused a gradual increase in the DPPH radical scavenging capacity (from 0.5 to 1.9% of initial value), while a slight decrease was observed after processing at 150°C compared to the unroasted samples. These results are consistent with findings of Summa et al. [20] who showed that the DPPH radical scavenging activity of the cocoa beans first increased during the pre-roasting and then decreased after roasting. This fluctuation could be caused by the release of bound phenolic compounds during roasting and formation and accumulation of Millard reaction products. This suggested that an increase in melanoidins content can also contribute to the observed enhancement of the DPPH antioxidant activity of roasted cocoa beans. In addition, during processing at higher temperatures the structure of some phenolic compounds are altered, which could change their antioxidant properties. [34] However, our study showed that in case of almost all other tested cocoa cultivars roasting at temperatures ranging from 110 to 150°C leads to a clear decrease in the DPPH scavenging capacity. Moreover, there was no effect of air humidity on the changes in the DPPH scavenging activity. Although, an increase in the RH from 0.3 to 5.0% slightly reduced the losses of DPPH antioxidant capacity, but in almost all cocoa samples these differences were not statistically significant (p > 0.05). In this study, the lowest reduction in the DPPH scavenging activity, as compared with raw samples, was observed when roasting was conducted at 110°C with humid air (RH = 5.0%). The greatest decrease of the DPPH antioxidant capacity in the cocoa beans of the cv. Nacional from Ecuador, and cv. Trinitario from Papua New Guinea was caused by roasting at 150°C, while in the samples of cv. Trinitario from Venezuela this reduction was the most pronounced during thermal processing at 135°C. The losses in the DPPH antioxidant capacity observed under these conditions varied from 4.5 to 40.9% of the initial antioxidant activity. Nevertheless, in the case of the all investigated hybrid varieties, cocoa beans after roasting at 120°C exhibited the lowest activity in DPPH scavenging. These samples showed IMPACT OF CULTIVAR AND ROASTING ON ANTIOXIDANT ACTIVITY OF COCOA BEANS 1.1-1.6 lower antioxidant capacities than the unroasted cocoa beans. The reduction in the DPPH scavenging capacity was more drastic in the cv. Trinitario from Papua New Guinea and UAF hybrid clone from Ghana, while the lowest changes were observed in the cv. Forastero from Brazil and cv. Nacional from Ecuador. These variations imply that roasting may affect the antioxidant properties of cocoa beans in different ways depending on the variety and roasting conditions. The antioxidant activity losses differed among analyzed cultivars, probably due to the intrinsic characteristics of the cocoa beans.
As mentioned above, the decrease of the antioxidant activity during roasting may be caused by the degradation of highly thermolabile phenolic compounds. Similarly, Arlorio et al. [9] observed a decrease in the DPPH antioxidant activity of cocoa beans caused by their roasting at 130°C after thermal pretreatment at 100°C. Moreover, some authors concluded that formation of high molecular weight brown pigments via polymerization reactions in the advanced steps of the Maillard reaction can involve the antiradical groups, leading to a depletion of free radical scavenging activity upon high temperature processing. [29] The previous study showed that the DPPH radical scavenging capacity and the total phenolic content in extracts derived from cocoa beans were not always correlated. [17] [18] [19] Therefore, the antioxidant capacity of the cocoa extracts may be also attributed to the presence of bioactive components other than polyphenols, such as methylxanthines and Maillard reaction products, as well as interactions between these compounds. [9, 20] Nevertheless, in the present study, a strong linear correlation between the DPPH radical scavenging activity and the total phenolic content (R 2 = 0.968, p < 0.001) as well as ABTS antioxidant capacity (R 2 = 0.954, p < 0.001) was obtained for all tested cultivars, which confirms the leading role of phenolic compounds in the overall scavenging activity of cocoa bean water extracts. Our results are consistent with literature data; however, other authors studied only the effect of temperature and duration of roasting, as well as the application of superheated steam on changes in the free radical scavenging activity of cocoa beans subjected to different roasting treatments while the influence of various RH conditions has not been investigated so far.
Effect of Cultivar and Geographical Region, As Well As Roasting Conditions on Metal Chelating Activity
The changes in metal chelating activity caused by roasting of cocoa beans of different Theobroma cacao L. cultivars are shown in Fig. 1 . The results indicated that all tested cocoa samples were able to chelate ferrous ion (Fe 2+ ), which is the most powerful pro-oxidant among metal ions and can catalyze generation of potentially toxic reactive oxygen species (ROS) by Fenton reactions, such as hydroxyl radical (
• OH) that initiate lipid peroxidation. [23, 37] This is particularly important because the dysfunctions of cells caused by free radicals and ROS is one of factors contributing to aging process and cancer development. The ferrous ion chelating activities of raw cocoa bean samples were variety dependent and ranged from 35.37 to 63.04% (at 100 µg mL -1 concentration of lyophilized cocoa extracts). Amongst the analyzed cocoa varieties, cv. Forastero from Brazil exhibited the highest ferrous ion chelating potential, while UAF hybrid clone from Ghana possessed the lowest chelating ability.
The results demonstrate that ferrous ion chelating activities of roasted cocoa beans depended on the cultivar and roasting conditions. The metal chelating activity of roasted samples varied from 5.90 to 84.12% (at the concentration of lyophilized cocoa extracts of 100 µg ml −1 ). It was also observed that the ferrous ion chelating activity of cv. Trinitario from Papua New Guinea decreased significantly (from 2.1-to 8.4-fold, compared to raw cocoa beans), as temperature of roasting air increased from 110 to 150°C, probably due to thermal degradation of phenolic compounds. However, the opposite effect was observed in beans of the other studied cocoa cultivars, for which roasting at temperatures of 110-150°C increased the metal chelating activity. This was consistent with the finding of other authors who reported that the metal chelating properties of oats increased after sand roasting at 280°C for 15 s compared to control samples. [38] Among the cocoa phenolic compounds, procyanidins, monomeric flavan-3-ols, and quercetin exhibit high activity in ferrous ions chelating. [39, 40] The position, substitution, and number of hydroxyl groups in the flavonoid molecules affect their ability to chelate trace metal ions. The metal chelating properties of different flavonoids are thought to result from the presence of the catechol group in the ring B, the 3-hydroxyl and 4-oxo groups in the heterocyclic ring C, and the 4-oxo and 5-hydroxyl groups between the C and A rings. [35] Processing at elevated temperatures can alter the structure of phenolic compounds and could enhance their ferrous ion chelating activity. [38] A recent study revealed that thermal treatment of cocoa beans increases the content of catechin and quercetin. The rise in catechin content can be attributed to the epimerization of epicatechin and/or decomposition of procyanidins due to the high temperature of roasting, whereas the quercetin levels increase as a result of deglycosylation of its glycosides. [6, 8] According to Olennikov et al. [41] glycosylation of the hydroxyl group at C-3 apparently inhibits the ferrous chelating ability of flavonols. These authors noticed that the chelating activity of quercetin was significantly higher that of the quercetin 3-O-glucoside. Moreover, the polymerization of procyanidins during roasting may be responsible for the increased chelating activity, because their ability to chelate metals and bind proteins depends on their structure and molecular weight distribution, more polymerized compounds had a stronger effect. [40] The increase of ferrous ion chelating activity described in this work might be also caused by generation of high molecular weight brown polymers by the heat-induced Maillard reactions. These polymers are known to have the ability to chelate metal ions. As can be seen from our results, the changes in the ferrous ion chelating properties of cocoa beans greatly depend on the RH (0.3-5.0%). Compared to the raw cocoa beans, the highest increase in the metal chelating activity (by 3.7-47.3%) was caused by thermal treatment when the RH was increased to 2.0%. This intense rise could be explained by the fact that the application of elevated air humidity during thermal processing of cocoa beans leads to the loosening of the husk structure by steam presented in the air, and thus facilitates the heat penetration into the kernel. Therefore, the roasted cocoa beans may have higher ferrous ion chelating activity than the unroasted ones as a result of alterations in the structure of the phenolic compounds or generation of polymeric proanthocyanidins and Maillard reaction products. Significant correlation between the ferrous ion chelating ability and total phenolics content, as well as antioxidant activities for ABTS and DPPH of cocoa samples was observed (R 2 = 0.778, p < 0.001; R 2 = 0.726, p < 0.001; R 2 = 0.814, p < 0.001, respectively). This is first report on the dependence of the total phenolic content, free radical scavenging activity, and metal chelating ability of cocoa beans on the cultivar and different roasting conditions, such as temperature and RH. It may be concluded that thermal processing at elevated temperature and humidity, can significantly affect the metal binding properties of raw materials. Furthermore, changes in the antioxidant properties caused by roasting of different cocoa varieties during roasting may depend on the initial content of bioactive compounds. This finding agrees with the results of other authors who reported that the composition of raw cocoa beans depends on several factors, including variety and genotype, geographical region of cultivation, cultivation conditions, and post-harvest processing treatments. [9] 
CONCLUSION
The results obtained in this study provide a detailed overview of the effect of different roasting conditions, such as temperature and RH, on the antioxidant properties of five different Theobroma cacao L. varieties. We confirmed the significant impact of cocoa variety and cultivation region on the total polyphenol content, antioxidant capacity, and metal chelating activity of cocoa beans. Interestingly, cocoa beans of cv. Forastero from Brazil exhibited higher free radical scavenging activity and metal chelating ability, that can be explained by the total phenolics content than samples of the others cocoa varieties tested. The results revealed that raw cocoa beans have potential health benefits because of their high phenolics content and antioxidant properties. During roasting, significant changes were observed in the total phenolics content, free radical scavenging capacity, and metal chelating activity of all the analyzed varieties. Our data showed that the antioxidant properties of roasted cocoa beans depended on the cocoa cultivar and roasting conditions, such as the temperature and RH. Moreover, we showed that the thermal processing at lower temperatures using humid air can be used to increase the phenolics content and antioxidant activity of roasted cocoa beans. The effect of roasting on the antioxidant properties of cocoa beans depends on the balance between the thermal degradation of naturally occurring phenolic compounds and the formation of new antioxidants, such as polymeric pigments and Maillard reaction products. The results of this study provide evidence that cocoa beans are a good source of antioxidant compounds even after roasting.
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